One sentence summary: The study evaluated the seasonal dynamics of soil-bacterial communities and the active portions of these communities under the anthropogenic influence of irrigation with treated wastewater. Editor: Cindy Nakatsu
INTRODUCTION
Bacterial communities in soil have a major role in plant nutrition, crop productivity and soil health (Van Bruggen and Semenov 2000) . The activities of these soil organisms are in many cases an indicator of soil fertility (Doran and Zeiss 2000) . Therefore, finding bacteria related to biogeochemical processes under conditions of agricultural practice has been the focus of many studies (Enwall et al. 2007; Simmons and Coleman 2008; Wakelin et al. 2008; Wessén et al. 2010 ). However, the majority of soil bacteria, including abundant populations, are often dormant or inactive (McMahon, Wallenstein and Schimel 2011) . These organisms may be considered the soil bacterial "seed bank", and are highly important for the stability of the bacterial community by increasing functional resistance to and resilience in the face of disturbances imposed by anthropogenic activities (Jones and Lennon 2010; Lennon and Jones 2011) . However, in some cases, soil-active bacterial communities vary greatly from the total bacterial community (Angel et al. 2013) . This, in turn, may lead to misinterpretation of the link between bacterial community composition and biogeochemical activities measured in soil. Further, changes in total (active and inactive) bacterial community composition affected by environmental variables indicate on changes to bacteria which react by proliferation. However, measurements of the composition of the active bacterial community may also reflect changes in the bacterial community, such as acclimation to changing conditions, even if bacteria are having slow growth rates. Such effects can result in responses of the active community that will be overlooked when analyzing the total community. In this study we compared the active bacterial community in soil under irrigation with two types of water to better understand the relation between environmental variables and the soil-bacterial communities in which these variables promote activity.
Soil-management practices, such as irrigation with treated waste water (TWW) derived from municipal waste water treatment plants, may have significant effects on the activity level of many bacterial populations. Despite the extensive studies done on the total soil-bacterial community, important information regarding environmental factors affecting the active fraction of this community is limited. The inactive or dormant state of bacteria was reported to be influenced by environmental conditions such as the availability of organic matter (Blagodatskaya and Kuzyakov 2013; Dungait et al. 2013) , nutrients (Stevenson 1977) , water availability in dry environments (Angel et al. 2013 ) and the presence of other organisms such as plants (Ofek et al. 2013) . Furthermore, recent findings about patterns determining the composition of the soil-active bacterial community showed that transient local soil conditions are more influential than longterm patterns (Angel et al. 2013) . The reported patterns of active soil-bacterial populations suggest that soil under various management practices will yield specific groups of bacteria that differ from the composition of the total bacterial community. The bacterial community in soil irrigated with TWW may serve as a platform for studying factors influencing bacterial activity, such as organic matter and mineral inputs.
Because of scarcities of fresh water, irrigation with TWW that contains variable amounts of dissolved organic matter and minerals is steadily increasing worldwide (Pedersen, Soliman and Suffet 2005; Jueschke et al. 2008; Pedrero et al. 2010; Elifantz et al. 2011; del Mar Alguacil et al. 2012; Frenk, Hadar and Minz 2014) . Previous studies, using enzymatic assays, showed that microbial communities in soil react to the input of organic matter from TWW or untreated wastewater by changing their rates of substrate utilization (Brzezińska, St epniewska and St epniewski 2001; Brzezinska et al. 2006; Elifantz et al. 2011; del Mar Alguacil et al. 2012) and their community composition (Ndour et al. 2008; Hidri et al. 2010; del Mar Alguacil et al. 2012; Frenk, Hadar and Minz 2014) from those with conventional fresh water (FW) irrigation. In Mediterranean orchards during irrigation with TWW (summer), there is an increase in soil-bacterial activity (Elifantz et al. 2011) followed by a shift in community composition (Frenk, Hadar and Minz 2014) . After a rainy season (winter), before the resumption of irrigation, the bacterial community returned to a reccurring and predictable composition similar to that under FW control conditions (Frenk, Hadar and Minz 2014) . Therefore, the rainy season eliminated any evident effect on the bacterial community caused by TWW disturbance. So far, not much is known about the dynamics of the active microbial community in soil under seasonal irrigation, and its response to TWW irrigation. Furthermore, the relations of the active groups of bacteria in the soil community to levels of activity and soil chemical composition have hardly been investigated. The identification of specific groups of bacteria reacting to TWW irrigation through increased activity may improve the understanding of the physiological state of the soil-bacterial community and of the metabolic processes stimulated by TWW.
Prediction of the functional potential of microbial communities can be based roughly on their phylogeny, and particularly on such functions as ammonia oxidation, which is conserved within a narrow phylogenetic range of bacteria (Pereira e Silva et al. 2013) . This latter group of chemolithoautotrophic bacteria can be found in many environments including soil, and plays a key role in the process of nitrification (Koops et al. 2006) . However, ammonia-oxidizing bacteria (AOB) have been reported to show a higher sensitivity to environmental disturbances (Pereira e Silva et al. 2013) , such as irrigation with TWW (Oved et al. 2001) , than that shown by the general soil-bacterial community. Thus, a smaller disturbance is needed to change the composition and rate of activity of this group than is needed for the overall bacterial community. This in turn may significantly affect nitrogen cycling and consequently the availability of nitrogen to plants. Further, nitrogen leaching, which largely involves oxidized forms of nitrogen , and consequently contributes to groundwater contamination, is an important issue in agricultural management. These issues are particularly important in irrigation with TWW, which introduces into the soil environment variable amounts of nitrogen from municipal effluents. The bacterial community, and particularly organisms capable of ammonia oxidation, are key players in this system. The hypothesis of this study is that TWW acts as an environmental trigger for bacteria to increase their activity level because of the organic matter and nutrient contents of TWW. Finding the bacterial populations that react to TWW may contribute to understanding the life strategy of soil copiotrophic bacteria, as well as the effect of the practice of irrigation with TWW on the soil bacterial community. The study was conducted on an annual time scale and examined the effect of irrigation period as well as of the return to an undisturbed state after the rainy season. Special attention was given to ammonia-oxidizing bacteria by analyzing the distribution of the ammonia mono-oxygenase subunit A (amoA) gene as well as ammonia-oxidation rates. The orchard from which the soil samples were taken was irrigated with two water sources, consisting of treated wastewater (TWW) and fresh water (FW). The water of both types was supplemented with minerals needed for the maximal growth and yield of the olive trees in the orchard. Fertilization was done according to the recommendations of The Extension Services of the Ministry of Agriculture of Israel. Soils irrigated with FW were supplied with 180 kg of N/ha/year as NH 4 NO 3 and 290 kg of K/ha/year as KCl. Soils irrigated with TWW were supplemented with half of the mineral amount with which FW was supplemented, to compensate for the intrinsic mineral composition of TWW. The experimental site was treated with the irrigation protocols described above for 4 years before the sampling periods in the study. The water qualities, soil characteristics, and additional minerals used during these (previous) years were reported by Segal et al. (2011) , including further description of plant yields and growth rates. Soil samples were taken from six replicate blocks of soil for the enzymatic assays and three replicate blocks of soil for analysis of the bacterial community, with these blocks representing a subset of the six blocks used for the enzymatic assays in the study. Each sample consisted of a composite of five individual samples collected from the upper 10 cm of soil (after removal of plant material as well as other debris) in the irrigated areas between trees. Samples taken during the final days of the irrigation period (October) were taken 2 hours after irrigation, whereas samples from the end of the rainy season (March) were taken at mid-day and were supplemented with deionized water (10%−20% w/w dry ) 2 hours before analysis. Samples for nucleic acid analysis were frozen on site using liquid nitrogen and stored on dry ice until arrival at the laboratory, and were then stored at −80
MATERIALS AND METHODS

Experimental design and sampling procedure
• C until used. 
Chemical analysis and enzymatic assays of soil and water
Soil-dissolved organic carbon and inorganic carbon were analyzed by shaking soil samples (in six replicates) with deionized water (1:5 w/v) for 1 hr, followed by a 5 min centrifuge spindown at 5000 rpm and filtration through a 0.45-μm pore-size polyethersulfone (PES) membrane, and were measured with a total dissolved organic carbon (TOC) analyzer (TOC-VCPN; Shimadzu, Kyoto, Japan). Dissolved nitrogen was measured similarly with a total nitrogen (TN) analyzer unit (TNM-1; Shimadzu).
Soil extract (1:1 w/v) was used to measure soil salinity, by electrical conductivity (EC), and soil pH. Water mineral and organic carbon concentrations are summarized in this paragraph (A. Dag, personal communication) . The organic matter in TWW had an annual average biochemical oxygen demand (BOD) and chemical oxygen demand (COD) of 20 mg/L O 2 and 69 mg/L O 2 , respectively. The nitrogen delivered to soil by TWW was present mainly as nitrate, fluctuated greatly, and ranged from 8 to 27 mg/L (Table S1) , with an annual average of 20 mg/L. Phosphate and potassium were present in high concentrations in the TWW used for irrigation relative to their concentrations in the FW used for irrigation, and were found in average concentrations of 5 mg/L and 31 mg/L, respectively. Potassium and nitrogen were supplied by fertilization as well as by TWW irrigation, whereas phosphate was supplied solely by the source of water used for irrigation.
Respiration rates were measured as rates of CO 2 emission with an acid titration technique (Olinger et al. 1996) . Soiloxidative potential was estimated by measuring dehydrogenase (DEH) activity (Casida Jr, Klein and Santoro 1964) , and hydrolytic activity was measured with the fluorescein di-acetate hydrolysis (FDA) assay described by Schnürer and Rosswall (1982) , with both types of activity measured colorimetrically with a spectrophotometer (DMS100 UV/visible spectrophotometer, Varian, San Fernando, CA, USA) at 485 nm and 494 nm, respectively. Nitrification potential was evaluated by microbial potential NH
oxidation in a shaken slurry (Schmidt and Belser 1994) . Nitrate concentrations were determined with a QuickChem 8000 autoanalyzer (Lachat Instruments, Milwaukee, WI, USA) at the start and after 3 and 6 hours of incubation, and the rate of nitrate evolution was calculated. TOC, total nitrogen (TN), respiration, DEH, FDA and nitrification rates were included in the multivariate analysis done in the study using canonical correspondence analysis (CCA) together with the community-composition data.
Nucleic acid extraction
DNA was extracted from 0.5-g soil samples through a modified bead-beating method (Inbar et al. 2005) . Crude extracts were initially recovered from samples via bead beating (Fast Prep FP 120, Bio101; Savant Instruments Inc., Holbrook, NY, USA) in a cetyltrimethylammonium bromide (CTAB) (Sigma-Aldrich, St. Louis, MO, USA)-based extraction buffer. The crude extracts were mixed with KCl to a final concentration of 0.5 M, incubated for 5 min, and centrifuged. The nucleic acids were then precipitated with EtOH by centrifugation. The precipitant was washed with ice-cooled 80% EtOH, centrifuged and eluted with 10 mM Tris-ethylenediamine tetra-acetic acid (EDTA) (TE) at pH 8.0 (Amresco, Solon, OH, USA). DNA present in the solution was then bound to a silica-based matrix containing 0.5-to 10-μm silica particles (Sigma-Aldrich) with NaI, as described by Boyle and Lew (1995) . The silica-based matrix was transferred to a Spin-X R 0.22-μm filter tube (Corning, NY, USA) and washed with an EtOH-based buffer solution (Boyle and Lew 1995) . DNA attached to the silica was eluted with TE into a sterile tube, quantified with a NanoDrop, ND1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and stored at −80
• C prior to use.
rRNA extraction was done according to methods previously described by Angel, Claus and Conrad (2011) for total nucleic acid extraction from soil. Total nucleic acids were extracted by disrupting 0.5 g of soil, in a 2-mL screw-cap tube filled with 0.1-mm beads (Fast Prep FP 120, Bio101; Savant Instruments, Holbrook, NY, USA). The extraction solution included phosphate buffer, 10% CTAB (Sigma-Aldrich) and phenol at pH 8. The process was Downloaded from https://academic.oup.com/femsec/article-abstract/91/9/fiv096/847181 by guest on 08 January 2019 repeated four times using fresh buffers, and the supernatant was collected. The extract was then purified with standard phenol/chloroform/isoamyl alcohol followed by chloroform/isoamyl alcohol, and was transferred to 2-mL nonstick RNase-free microfuge tubes (Ambion, Applied Biosystems, Darmstadt, Germany). Two volumes of 30% polyethylene glycol 8000 (Fluka Analytical, Sigma-Aldrich) and 1 mg of glycogen (Fermentas, Vilnius, Lithuania) were used for nucleic acid precipitation by centrifugation. The pellet from centrifugation was washed once with ice-cold 85% EtOH (diluted with DEPC-treated water) and resuspended in TE buffer. The extracted nucleic acids were then treated with the DNase 1 DNA degradation kit (Sigma-Aldrich) according to the manufacturer's instructions. The resulting RNA was diluted tenfold in DEPC-treated water to produce the best concentrations for reverse transcription and the dilution of inhibitors of the polymerase chain reaction (PCR 
high throughput sequencing
Sequencing, using 454 tag-encoded FLX 16S rRNA gene amplicon pyrosequencing (bTEFAP),was done at the Research and Testing Laboratories (Lubbock, TX, USA). Polymerase chain reactions targeting the 16S rRNA gene were done with the primers 530F, GTG CCA GCM GCN GCG G and 1100R, GGG TTN CGN TCG TTG, as described previously (Dowd et al. 2008) , and targeting amoA with the primers amoA-1F, GGG GTT TCT ACT GGT GGT and amoA-2R, CCC CTC KGS AAA GCC TTC TTC (Rotthauwe, Witzel and Liesack 1997) . 454 sequencing was done for the 16S rRNA gene on both cDNA and DNA, whereas sequencing for amoA was done only with DNA.
Quality control and analysis of sequences
Sequence preparations for 454 data analysis were done with mothur 1.23.1 (Schloss et al. 2009 ) software according to the guidelines of the standard operation procedure (Schloss, Gevers and Westcott 2011) . The sequences were first trimmed of primer and tag sequences, and were then selected by quality, using an average quality above 30 for a (progressing) window size of 50 bp. The sequences were aligned through the use of reference databases; for 16S rRNA data a selection of approximately 14K sequences from the Silva data base was used (http://www.mothur.org/wiki/Alignment database, October 2013), whereas amoA amplicons were aligned with 9188 bacterial amoA genes from the RDP FunGene functional gene pipeline and repository database (http://fungene.cme.msu.edu/ index.spr, October 2013). The amoA downloaded reference sequences were first aligned through the use of a MAFFT Webbased multiple sequence alignment program (MAFFT version 6, http://mafft.cbrc.jp/alignment/server/, FFT-NS-1-Progresive method). Chimeras were detected with the "chimera.uchime" command (Edgar et al. 2011) , using the most common sequences in each soil sample as references for both 16S rRNA and the amoA gene. The remaining sequences were clustered through use of the "pre.cluster" function (1 mismatch for each 100 bp) to reduce sequencing errors (Huse et al. 2010) . Data analysis was performed using the operational taxonomic unit (OTU)-based approach by binning sequences on the basis of their similarities. A distance matrix was calculated and the sequences were clustered into OTUs on the basis of a 97% sequence similarity for 16S rRNA and 90% sequence similarity for amoA. OTUs that had only one sequence (singletons) were removed. Because the sequence number differed among samples, a "sub.sample" command was used and all samples were adjusted, by random selection, to the sample with the lowest number of sequences (850 and 674 sequences per sample for 16S and amoA, respectively). Diversity indices included the number of observed taxa, Shannon diversity index for diversity and evenness (calculated using Shannon diversity divided by the logarithm of the number of taxa). These indices were calculated from the OTU data through the bootstrap procedure (9999 repetitions) described by Etter (1999) and generated with the PAST statistics software package (Hammer, Harper and Ryan 2001) . Classification was done with the Silva taxonomy reference for 16S rRNA sequences. Sequences were then clustered to classlevel phylogeny. amoA OTUs that represented more than 6% of the total community were aligned with 20 representative amoA sequences of cultured ammonia oxidizing bacteria downloaded from the RDP FunGene database using the MAFFT Web-based multiple alignment program. The MAFFT alignment function E-INS-I, recommended for <200 sequences and multiple conserved domains and long gaps, was used. A neighbor-joining tree was constructed with the same alignment, and pie charts showing the abundance of the six most abundant OTUs (representing 80% of the community) were created and added to the phylogenetic tree.
In order to detect OTUs that were both highly active and abundant, or on the other hand abundant but not active, the sequence data was screened. Only 119 OTUs that were in the upper 5% of the most abundant OTUs were analyzed. Further, the appearance (number of sequences) of an OTU in the total community was subtracted from the appearance of that OTU in the active community, resulting in positive values for OTUs with higher relative activity. Only OTUs with an absolute value above 5 ( > |5|), i.e. five sequences between the normalized (due to subsampling) appearances of an OTU in the active as against the total community, were further analyzed. This approach resulted in a list of 29 OTUs (consisting of 30.7% of all the analyzed sequences) that were either inactive or highly active. Thus, OTUs that appeared almost equally ( < |5|) in active and total communities were removed from further analysis. On the other hand, OTUs that were relatively more active or inactive were reported with positive or negative values, respectively. This strategy, rather than merely obtaining the ratio of the 16S rRNA to the 16S rRNA gene, was chosen to avoid the bias imposed by overrepresentation of inactive and rare OTUs. These cases, when calculating by division, will range around the value zero or, alternatively, will yield null results in cases of absence of the OTU from the total community.
Sequences were deposited in the European Nucleotide Archive (ENA) under the study accession numbers PRJEB6426 for 16S rRNA gene data, PRJEB6493 for 16S rRNA (cDNA) data and PRJEB6496 for the amoA gene sequence data.
Statistical analyses
Variance in the activities measured by the enzymatic assays and in soil chemical parameters was first tested for normal distribution with the Kolmogorov-Smirnov test and further analyzed using two-way analysis of variance (ANOVA) for sampling date and type of irrigation as grouping variables, using SPSS for Windows statistical software (SPSS, Chicago, IL, USA). Once the differences based on both variables were established, a one-way ANOVA was performed on irrigation type as the grouping variable for each sampling date. Comparison of diversity between active and total bacterial communities was done with a t-test. Multivariate analysis was done with the PAST statistics software package (Hammer, Harper and Ryan 2001) and with R statistics using the package "vegan" for active, total and ammonia-oxidizing bacterial (AOB) communities. Canonical correspondence analyses (CCA) were performed with data on the community composition (OTU abundances) of either active or total communities together with several environmental features as constraining variables, using R statistics. The CCA analyses were followed by permutation tests for the significance of constraints (999 permutations). A non-metric, multi-dimensional scaling (nMDS) ordination plot for the AOB community was based on the Bray-Curtis measure for dissimilarity. Hypothesis-testing statistics for the detection of differences in bacterial-community composition were analyzed with the non-parametric multivariate analysis of variance (MANOVA) (Anderson 2001 ) test, also known as PERMANOVA (999 iterations) using the PAST statistics software package based on the Bray-Curtis dissimilarity measure. The PERMANOVA test was first used to distinguish between the active and total bacterial communities using one-way PERMANOVA. Further, for each community (active and total) the test was performed first with a two-way PERMANOVA with year and season as the main factors, followed by a one-way PERMANOVA for each year, with irrigation and season as the grouping factors. Results of the PERMANOVA pairwise comparisons are reported after Bonferroni correction for multiple comparisons. The relative activities of the 29 highly active/inactive OTUs were plotted on a heat-map, and a dendrogram, produced through the complete linkage method with measures of Euclidean distance, was plotted for describing the relationships among samples, using the R function heatmap.2 (gplots package).
RESULTS
Soil chemical characteristics and microbial activities
Irrigation with TWW changed the chemical composition of the soil both according to sampling date and irrigation type (two way ANOVA results of full statistical analyses are described in Table S2 ). Total dissolved organic carbon (TOC) during the irrigation season (October samples) was higher in TWW-irrigated soils than in FW-irrigated soils in both sampling years (2010; F (1,10) = 12.2, P < 0.01, 2011; F (1,10) = 33.3, P < 0.01). Dissolved total nitrogen (TN) content was also higher in soils irrigated with TWW than with FW during the irrigation seasons of both sampling years (2010; F (1,10) = 9.3, P < 0.05, 2011; F (1,10) = 140.6, P < 0.01) and at the end of the rainy season of 2010 (F (1,10) = 15.5, P < 0.01). Soil salinity increased with TWW as compared with FW irrigation, but only during the irrigation season, whereas soil pH did not change (data not presented). However, respiration (measured as CO 2 evolution) and DEH activity did not show significant differences with treatment with TWW and FW, and showed only mild changes between sampling dates (Table S2) . Nitrification rate (F (1,10) = 20.07, P < 0.01) and FDA hydrolysis (F (1,10) = 7.4, 
Active and total bacterial community composition
Soils sampled during two years of the present study in an olive orchard irrigated with either TWW or FW were analyzed for total and active bacterial community composition. The bacterial community composition was described using environmental constraints through CCA ordination based on sequence data obtained either from the 16S rRNA gene (total community) (Fig. 1) or 16S rRNA (active community) (Fig. 2) . Respiration was found to be a significant constraining variable (F (1,17) = 1.5, P < 0.05) in the total community ordination and in relation to the 2011 rainy season (Fig. 1) . On the other hand, nitrification was shown to be a significant (F (1,17) = 1.3, P < 0.05) constraining variable in the active community during the irrigation season (Figs 1 and 2) . FDA hydrolysis was also found to be a significant (F (1,17) = 1.4, P < 0.05) constraining variable in the active community, and was related to the rainy season (Fig. 2) . Further constraining variables including TOC, TN and DEH rate were related to the rainy season but did not reach significance.
In the hypothesis-testing analysis of the total community by two-way PERMANOVA, differences between the two study years (F (1,20) = 3.3, P < 0.01) and between seasons (F (1,20) = 2.1, P < 0.01) and in the interaction of these two factors (F (1,20) = 2.7, P < 0.01) were significant. In further analysis of the irrigation-(FW and TWW) and rainy-season samples done separately in each year using one-way PERMANOVA that included pairwise analysis, it was found that during 2010 a significant (F (2,11) = 2.2, P < 0.01) difference in community composition existed between the two types of irrigation water examined in the study and the rainyseason samples. TWW vs. rainy-season samples had a slightly lower P (P = 0.03) value than did FW vs. rainy-season samples (P = 0.04). However, during the 2011 sampling season there were no differences between the total soil-bacterial community in the rainy season and in the irrigation season ((F (2,11) = 1.4, P < 0.01). The results for the active community showed, as they did for the total community, a significant effect of sampling year (F (1,20) = 3.5, P < 0.01), season (F (1,20) = 4.3, P < 0.01) and the interaction of the two ((F (1,20) = 3.5, P < 0.01). In contrast to the total community, the active soil-bacterial community in both study years showed a significant difference between irrigation with both TWW and FW and the rainy season (2010; F (2,11) = 2.2, P < 0.01, 2011; F (2,11) = 3.1, P < 0.01). During the first sampling year, TWW vs. rainyseason (P = 0.03) samples had a slightly lower P value than did FW vs. rainy-season (P = 0.04) samples, whereas during the second sampling year the P values for the two tyhpes of irrigation water were similar (P = 0.01).
All active bacterial communities differed significantly in composition from the total communities regardless of year, season or type of irrigation type on the basis of one-way PER-MANOVA (F (1,47) = 17.7, P < 0.01). Furthermore, the active community had significantly lower Shannon diversity (F (1,47) = 36.9, Figure 3 . Diversity indices of the soil bacterial active community (16S rRNA) and total community (16S rRNA gene) during both years of the present study. Diversity and evenness based on Shannon-index values are shown on the primary y axis and presented in white bars and vertical lined bars, respectively. Observed richness is presented on the secondary y axis and is marked in gray bars. All of the parameters measured in the active community were significantly lower than in the total community (p < 0.05).
P < 0.01), richness (F (1,47) = 17.1, p < 0.01) and evenness (F (1,47) = 61.8, P < 0.01) values than did the total community (Fig. 3) . However, no significant differences in diversity indices were found between seasons or water types within either the active or total communities. The total community was more diverse and had high representation of all major bacterial phyla, whereas the active community was dominated by Actinobacteria and the α, β and δ classes of Proteobacteria, which represented 65-80% of all OTUs (Figs S1 and S2). Some phyla were highly represented in the total community but were nearly absent or at very low relative abundances in the active community and were termed "inactive". These "inactive" groups included all OTUs of Thermomicrobia and most Acidobacteria, Gemmatimonadetes and Sphingobacteria. On the other hand, bacterial groups and OTUs that were highly represented in the active community but had low representation or were absent from the total community were termed "highly active" community members. Analysis of the "highly active" and "inactive" OTUs using a heatmap presentation revealed that one of the most highly active OTUs found was of the Actinomycetales family Frankineae, represented by OTU 5, and highly similar to the known soil Blastococcus sp. (Fig. 4) . This OTU was highly active during all sampling periods; however, its activity showed a stronger affiliation with the rainy season. Another highly active group of OTUs (17, 44 and 57), all classified as Rhodospirillales related to the group Skermanella, were highly active regardless of sampling year or type of irrigation water (Fig. 4) . The most highly active bacterium in the study was OTU 12, related to the genus Singulisphaera of the order Planctomycetales, which showed very high activity during the irrigation season of 2011 (Fig. 4) . The data showed consistent trends toward high activity in distinct phylogenetic groups. For example, all Proteobacteria-related OTUs (marked by shades of orange, Fig. 4 ) that were screened as described in the section on Materials and Methods, were found to be very highly active. On the other hand, members of the Actinobacteria (marked by shades of blue, Fig. 4 ) that passed the same screening criteria contained both very highly active and inactive members. Furthermore, all Acidobacteria (marked by purple, Fig. 4) , a group of bacteria often shown to be widely distributed and abundant in soils (Eichorst, Breznak and Schmidt 2007) , were consistently inactive in our system regardless of type of irrigation treatment or season. As seen in the dendrogram calculated with the active/inactive heatmap distribution (Fig. 4) , the samples clustered together according to the different years and seasons of the study, but to a lesser extent according to type of irrigation.
AOB in TWW-irrigated soil
Ammonia oxidation showed significantly higher potential rates with TWW irrigation during 2011 than FW irrigation (Table S2) and also correlated with the community composition in the samples collected during the irrigation season (Figs. 1 and 2) . Not only was the ammonia-oxidation rate significantly affected by type of irrigation water, but there were also three very highly active OTUs, classified as Nitrosomonadales (possibly AOB), that coincided with water type. Based on the 16S rRNA analysis, the Nitrosomonas-related OTU 26 was found to be highly active in TWW-irrigated soils, particularly during the 2011 irrigation season (Fig. 4) . Similarly, a different Nitrosomonas-related OTU, OTU 2, was found to be highly active in FW-irrigated soils during the same year (Fig. 4) . The most highly active group of AOB in all samples was OTU 1, classified as Nitrosospira, which showed higher values under FW than under TWW irrigation (Fig. 4) .
The AOB community, based on analysis of amplified amoA genes from soil samples, was significantly affected by TWW irrigation but not by seasonal or annual trends. The AOB community was significantly different (F (3,23) = 2.45, P < 0.01) in soils irrigated with TWW during the irrigation season than in all other soil samples (Fig. 5) . The difference in the AOB community in TWW-irrigated soils and the AOB communities in all other soil samples was characterized by a decrease in the relative abundances of OTUs related to Nitrosospira, namely OTUs 3, 4 and 5 (Fig. 6 ) and an increase in the relative abundance of the Nitrosomonas-related OTU 1. According to the results of the amoA sequencing, this latter OTU, found almost exclusively in TWW-irrigated soils, showed a high similarity to the sequences of Nitrosomonas nitrosa. On the basis of both 16S rRNA and amoA sequences, Nitrosomonas, and especially N. nitrosa, were found to react positively to TWW irrigation.
DISCUSSION
The objective of this study was to understand the dynamics of the active bacterial community in soil irrigated with TWW as opposed to FW after the irrigation season and after a rainy-season return to an undisturbed state in an olive orchard located in the coastal plain of central Israel. The study also explored the possible effect of the organic matter and nitrogen, that are provided by this irrigation practice, to act as a trigger for soil bacterial activity. This in turn permitted the detection of specific groups of bacteria that react to irrigation, by changing their activity level, and may be informative to the processes that the soil bacterial community performs in a higher resolution than would be possible with total community analyses. It was hypothesized that the substances introduced into soil via irrigation with TWW and FW would affect the composition of the active community. These hypotheses were based on previous studies showing that TWW-and waste-water (WW)-irrigated soils differ from native or FW-irrigated soil in their microbial (bacterial and fungal) community composition, as well as in substrate utilization, after only a few months of irrigation (Oved et al. 2001; Ndour et al. 2008; Hidri et al. 2010; Elifantz et al. 2011; del Mar Alguacil et al. 2012; Frenk, Hadar and Minz 2014) . However, in the current study TWW did not have a significant effect on the composition of the total bacterial community (Fig. 1) and only a minor effect on the composition of the active community (Fig. 2) . The annual and seasonal shift in the bacterial composition caused by temperature change, water availability and fertilization, had a greater influence on the bacterial community than did the type of irrigation water used in this study.
The introduction of organic matter into the soil through the irrigation water had a minor effect (seen by FDA hydrolysis analysis) on bacterial activities related to the decomposition of organic matter in soils irrigated with different types of water. These results were evident despite the significant increase in dissolved organic carbon and dissolved nitrogen in the TWW-irrigated soils during the irrigation season. This suggest that although contributing recalcitrant organic matter to soil, TWW did not contribute a significant quantity of labile organic matter for promoting increased activity. In the current study, concentrations of organic matter in water, as measured by BOD and COD, were lower than what was reported in most previous studies of the effects of TWW and certainly of WW irrigation on soil microbiology. In this study BOD and COD levels were below 20 mg/L and 70 mg/L O 2 , respectively. Elifantz et al. (2011) and Frenk, Hadar and Minz (2014) reported that TWW with a BOD of 25-80 mg/L O 2 and COD above 173 mg/L O 2 significantly changed the activity of soil microorganisms and composition of bacterial communities. In the current study, the resistance of the bacterial community to change was greater than the disturbance imposed by the organic matter in TWW. The most important implication of these results is that irrigation with TWW of high quality is sustainable with regard to the stability of the general bacterial community (as illustrated by its resistance), whereas irrigation with water having a higher content of organic matter (BOD > 25 mg\L O 2 ) changes the composition and activity of the community. Despite the resistance of the general community, the AOB showed significant changes in both activity and composition (Figs. 5 and 6) as a result of irrigation with TWW.
In this study the active community differed significantly from the total community and was shown to be more sensitive to the type of irrigation treatment used. The total bacterial community analyzed according to the 16S rRNA gene sequence represents the entire bacterial community including groups that are dormant or inactive and spores, and in some cases bacteria that are already dead (Hansen et al. 2007; Blagodatskaya and Kuzyakov 2013; Blazewicz et al. 2013) . In contrast, the bacterial community measured by the frequency of appearance of the 16S rRNA sequence represents the active community (Angel et al. 2013; Blagodatskaya and Kuzyakov 2013; Blazewicz et al. 2013) . The normalized frequency of appearance of the 16S rRNA sequence in comparison with that of the 16S rRNA gene is a rough indication of bacteria that are either very inactive or highly active. This analysis has several weaknesses, including the lack of normalization of 16S copy number per genome, the non-linear relationship between growth rate and cellular rRNA content and the ribosomal content in dormant cells that could be high in some bacteria (Blazewicz et al. 2013) . However, despite these limitations, the results are considered as relative ribosomal expression levels of the total bacterial community that indicate potentially high activity (Blazewicz et al. 2013) .
In a comparison of the total and active communities, 29 OTUs (25% of the most highly ranked) were either in a highly active or an inactive/dormant state (Fig. 4) . Some of the highly active OTUs were found to be in very low abundance in the total community. This suggests metabolic activity that at the time of sampling is not growth related, such as that expected in changing environmental conditions (Blazewicz et al. 2013) . These results support the hypothesis that transient local conditions are responsible for the activity of these OTUs (Angel et al. 2013) . However, all screened OTUs (the most abundant OTUs, with high active/inactive differential values) were either highly active in all samples or inactive in all samples. This might also suggest that most of these soil bacteria have a clear life strategy in terms of their activity level in these soils, regardless of year, season or irrigation. Calculating the differential value rather than the actual ratio might have caused an artifact in which all of the OTUs had a clear life strategy. However, an analysis of OTUs with a low differential appearance ( < |5|) between active and total communities yielded similar results (data not shown). Thus, our hypothesis that differences between the irrigation season (influenced by irrigation-water type) and rainy season should have been a cause for populations to enter or exit dormancy/inactivity, according to their metabolism and life strategy, was not supported. Furthermore, some bacterial OTUs were found to be potentially inactive on all sampling occasions regardless of their high abundance and despite the contributions made by TWW. OTUs of the groups Chloroflexi, Acidobacteria, and Gemmatimonadetes, and the Actinobacteria genus Rubrobacter, were found as such, questioning the vitality of these OTUs and consequently their impact on the soil environment. In the same sense, TWW with low dissolved organic carbon content is not a major factor in determining the activity level of soil bacteria, with the exclusion of the ammonia-oxidizing community. The evidence for the effect of TWW on the ammonia-oxidizing community is that 3 of the 29 OTUs that were in a highly active or inactive/dormant state, namely OTUs 1, 2 and 26, were annotated as AOBs (Fig. 4) .
Nitrification rate, as a constraining feature for CCA ordinations, and relative activity of AOB OTUs, were found to be highly affected during the irrigation season and by irrigation type. These results, together with previous findings that AOB communities are good indicators of the soil standard operating range (Pereira e Silva et al. 2013) , encouraged an in-depth analysis of this functional group. The analysis of the AOB community based on the amoA gene revealed OTUs specific to TWW-irrigated soils, namely N. nitrosa. Although it is impossible to directly correlate the results of 16S rRNA analysis with amoA data, it is reasonable to assume that the amoA sequences of N. nitrosa (Fig. 6) belonged to the 16S rRNA-based bacterial cluster annotated as Nitrosomonas in TWW soils (OTU 26) and showed high activity levels (Fig. 4) . N. nitrosa sequences were previously found in soils irrigated with TWW (Oved et al. 2001) having high concentrations of ammonia (Nicolaisen and Ramsing 2002; Avrahami et al. 2011; Cytryn et al. 2012) , as well as in an industrial WW treatment plant (Dionisi et al. 2002) . Although it is impossible to rule out the possibility of N. nitrosa originating from TWW, we hypothesized that the increased abundance of this species was due to enrichment as a result of environmental conditions effected by TWW irrigation. The nitrogen content of TWW used for unrestricted irrigation is highly dependent on the degree of WW treatment and is determined by regional guidelines (Becerra-Castro et al. 2015) . In the present study, the nitrogen content of TWW was at levels allowed for irrigation by local environmental administration guidelines (Israeli Ministry of Health 2010; Kfir et al. 2012) . FW irrigation was supplied with nitrogen in amounts equal to those in TWW, with only slight differences in the form of nitrogen (ammonium or nitrate), which may in part account for the shift in the AOB community. Some of the nitrogen input in TWW-irrigated soils is from organic sources, gradually mineralized and available for AOB as ammonia. This may affect the AOB community directly and indirectly. For example, the increased abundance of N. nitrosa in the TWW-irrigated soils in our study may be explained by local fluctuations in oxygen levels caused by the degradation of organic matter during the short periods of irrigation, as previously proposed for biofilm in a stream-water environment (Avrahami et al. 2011) .
The effect of TWW on the activity, composition and activemember composition of soil-bacterial communities was chiefly related to the active community responsible for the oxidation of ammonia. Nitrogen input seems to be one of the main environmental factors influencing the composition of soil-bacterial communities, while the organic matter introduced during the irrigation period chiefly affected the soil content of soluble organic carbon. Further, nitrogen levels as described for the TWW in this study were sufficiently different from those in FW as to significantly affect the composition, active members, and activity levels of the AOB community. These results suggest that a higher level of WW treatment is needed in terms of nitrogen removal in order to maintain the native AOB composition of soil. Despite the effect that nitrogen levels in TWW have on AOB communities, soil fertilization with nitrogen is essential for agricultural practice, and the nitrogen values in TWW should be considered a resource for this. Therefore, further research is needed to evaluate the effect of the organic nitrogen, soluble forms of nitrogen and the actual nitrogen concentration available to the AOB community through TWW irrigation, in order to maintain the beneficial properties of this nutrient without severely affecting the composition of the soil microbial community. Lastly, TWW irrigation is already an important practice, essential for responsible regional water management and will undoubtedly increase in popularity. Our results suggest that this practice, when it utilizes appropriately treated wastewater as defined by the local authorities (Israeli Ministry of Health 2010), is sustainable with regard to its effect on the general bacterial community.
